Abstract: Propagation of shock waves in partially-or fully-confined environments is a complex phenomenon due to the possibility of multiple reflections, diffractions and superposition of waves. In a military context, the study of such phenomena is of extreme relevance to the evaluation of protection systems, such as survival containers, for personnel and equipment. True scale testing of such structures is costly and time consuming but small-scale models in combination with the Hopkinson-Cranz scaling laws are a viable alternative. This paper combines the use of a small-scale model of a compound survival container with finite element analysis (with LS-DYNA) to develop and validate a numerical model of the blast wave propagation. The first part of the study details the experimental set-up, consisting of a small-scale model of a survival container, which is loaded by the detonation of a scaled explosive charge. The pressure-time histories are recorded in several locations of the model. The second part of the study presents the numerical results and a comparison with the experimental data.
Introduction
In military mission compounds, the security of both personnel and equipment is of major importance for the success of military operations. A problem of interest to the military community is the behaviour of protective shelters used in the battlefield. These structures are exposed to different threats, such as rockets, personnel borne IED (Improvised Explosive Devices) or even VBIED (Vehicle Borne Improvised Explosive Devices). The shelter used in this study is based on the 20ft ISO container and the Hesco-Bastion gabions defining a protective barrier.
Full-scale experiments usually involve working in restricted areas due to the high-pressure levels produced. Small-scale tests are, however, a convenient way to reproduce the effects of an explosion in laboratory conditions using the Hopkinson-Cranz scaling law [1] , which states that selfsimilar blast waves are produced at identical scaled distances when two explosive charges of similar geometry and of the same explosive, albeit of different sizes, are detonated in the same atmosphere. It is usual to use the following dimensional parameter as the scaled distance,
where SOFF is the stand-off distance and W is the mass of high-explosive.
Confined environments (e.g., tunnels [2] and closed spaces [3] ) and semi-confined scenarios (e.g., urban areas [4] ) have been studied in literature in the current context. Lecompte et al. [4] dedicated their study to the evaluation of a modular building-block system (commercially available building blocks) for the reproduction of urban type configurations. Their results have shown that the modular building system is a rapid tool to build small-scale models. In some of their tests, however, detachment of the inter-brick connections has occured and the assumption of rigid walls was no longer valid. By contrast, the experimental method proposed here was developed to prevent the detachment of its connections.
This paper presents a small-scale model of the compound survival container to analyse the blast wave propagation in this kind of confined environment.
Experimental Set-Up
Based on the scaling laws described above, the experimental set-up was designed to have a geometrical reduction factor of 10 across all dimensions. The experimental study was performed in two different charge locations, at 1 and 0.5 m from the entrance (as shown in Figure 1a ), along an angle of incidence of 45° relative to the entrance of the shelter model. The whole structure was built from plywood plates. The assumption that the model is rigid was considered, which means that the model does not deform under the action of applied loads. Figure 1b shows the inside of the model. The ISO container is situated at the centre of the shelter. In the battlefield, compound survival containers may be subjected to impact from the detonation of mortars on the ground. The total mass of the explosive based on the scaling laws is estimated to be 6.4 g of TNT equivalent. This is the full-scale equivalent to the detonation of a 122 mm 9M22 rocket (approximately 6.4 kg of TNT). Given a combined pressure/impulse equivalent TNT conversion factor of 1.28 [5] , a spherical charge of 4.2 g of explosive (C4) was used in all experiments. Its ignition was ensured by a M75 electrical detonator, which contains approximately 1 g of TNT equivalent.
To study this type of threat, the charge was located above on the surface of the model, equivalent to a hemispherical surface burst. This results in a contact detonation and to avoid excessive damage at that location a support system was developed and positioned underneath the model. An undesirable consequence of this is that a part of the generated blast wave is propagated below the set-up. To quantify the incident pressure generated by the shock wave that reaches the shelter, a blast pencil was positioned 30 cm from the charge and to allow for an estimation of the charge. The pressure measurements indicated a mass of explosive of 3.3 g of TNT equivalent. This equivalency is based on the incident pressure and the stand-off distance, and was calculated in accordance to TM5-855-1 empirical formulae for surface burst conditions [6] .
Three tests (repetitions) were performed under identical conditions to assess the stability of the proposed experimental set-up and the reproducibility of the measured pressure profiles. Twenty 
Numerical Modelling
A method widely known to model the response of structures subjected to blast loads is the coupled method [7] , which is also used in this work. This method only models the surrounding air domain. Instead of modelling the explosive charge and its detonation, an empirical blast pressure is applied on a single element layer, referred to as the ambient layer (in blue in Figure 3 ). This method is implemented in LS-DYNA through the keyword *LOAD_BLAST_ENHANCED, where the relative location and mass of the explosive charge are defined. An ALE mesh was created to model the air domain inside the shelter. Since the walls of the shelter and the container are assumed to be rigid, both were modelled by restraining the corresponding boundary nodes of the air domain. This approach results in an efficient computational model because a part of the air domain between the detonation and the structure is not explicitly considered. Tracer points were implemented at the location of the pressure sensors to validate the numerical model.
Since the coupled method allows to model the air domain alone, the numerical model can be described through a single constitutive equation and equation of state. The air was modelled using the material type *MAT_NULL, where the density of the fluid is defined, and a linear-polynomial equation of state (*EOS_LINEAR_POLYNOMIAL) was used to define the pressure properties of the air. The material properties are listed in Table 1 . 
Material Parameter

Results and Discussion
An increase in the overpressure happens when the waves split by the container meet at the rear, leading to superposition of waves, as can be seen in Figure 4 . Thus, the back wall is where the highest overpressures occur while the least damage take place in the top (see Figure 5) . To analyse the dispersion of the experimental data from its mean, the calculation of the standard deviation was done. It can be seen in Figure 5 that the experimental results show a small variability since the minimum and maximum values for the standard deviation are 0.06 and 2.11 kPa, respectively. As a conclusion, the values for the standard deviation prove that the experiments can be considered reliable. The location of the pressure sensors was determined to examine the pressure evolution along vertical and horizontal directions. In general, small differences were found in the overpressure measurements comparing different sensor points on the same face (see Table 2 ). The differences in the calculated standard deviation lead to the conclusion that it would be reasonable the use only one sensor per face, since the maximum value is 8.34 kPa.
The numerical model was calibrated and a detailed comparison between experimental and numerical results was done. Figure 6 shows a good correlation between the results. 
Conclusions
Test data using a small-scale model of a compound survival container was compared with numerical predictions generated via finite element analyses (LS-DYNA). The pressure-time histories were recorded in several locations of the model and a numerical model of the blast wave propagation was calibrated. The comparison between experimental and numerical results shows a good correlation between the results.
It was also concluded that an increase in the overpressure happens when the waves split by the container meet at the rear, leading to superposition of waves. It was found that the back face of the ISO container is where the highest overpressures occur while the least damage take place in the top face. To analyse the dispersion of the experimental data, a calculation of the standard deviation was done and has shown a small variability, which prove that the experiments can be considered reliable. In general, small differences were found in the overpressure measurements comparing different sensor points on the same face leading to the conclusion that it would be reasonable use only one sensor per face.
